Chongming Island is located in the lower Yangtze Estuary in China. Due to the Leachate from a refuse landfill and the hydrodynamics of the Yangtze Estuary, the groundwater environment is particularly complicated on Chongming Island. Field observations were carried out around the landfill disposal site. The groundwater table, temperature, pH, salinity, and dissolved oxygen were measured in the field by portable equipment, and 192 water samples were collected at eight groundwater sites and one surface water site. Through laboratory analysis we found the highest measured concentration of Cr to be 54.07 μg/L, and the measured concentration of Zn was in the range of 8 μg/L to more than 200 μg/L, which were both higher than their background values. Strong correlations were found between the heavy metal (Cr, Ni, Cu) concentrations and physico-chemical characteristics (salinity and pH), which indicated that both the landfill and the tides played an important role in the distribution of heavy metal concentrations. Both the HPI and PoS Indices were greater than their critical values near the disposal site, indicating groundwater pollution by heavy metals. We show that Cr and Ni are the major heavy metals causing groundwater contamination in the study region.
Introduction
As a vital component of the eco-environment and water resource systems, groundwater is important for both the global hydrological cycle and the water supply [1] . However, contamination of groundwater has become a serious problem for the entire world. Groundwater quality has deteriorated in many countries, including India, Korea, Greece, America, and China [2] . Due to the increased human population and anthropogenic activities, the quality of groundwater, especially shallow groundwater, is greatly threatened. The leaks or spills from landfills, manufacturing facilities, and agricultural sites are potential sources of groundwater pollution. Because the remediation of the groundwater environment is an expensive and time-consuming process, the precise evaluation of groundwater quality characteristics and the assessment of potential pollution sources are essential to prevent groundwater pollution or increase the efficiency of remediation.
Heavy metal contaminants such as chromium (Cr), nickel (Ni), copper (Cu), zinc (Zn), cadmium (Cd), and lead (Pb) are generally more persistent than organic contaminants. They can be mobile in soils and leach into aquifers. A fraction of heavy metal contaminants may lead to severe poisoning if they pollute the groundwater that is used for drinking or irrigation purposes. Field observations have been conducted in a great number of studies to investigate heavy metal pollution in groundwater. For instance, Economou-Eliopoulos et al. [3] analyzed groundwater samples collected from domestic and irrigation wells to investigate the long-term leaching responses of chromium under atmospheric conditions in central Euboea, Greece. Through sampling in the vicinity of a landfill site [4] , the association of heavy metal ions to colloids was discussed in Bavaria, Germany. In Asia, Muhammad et al. [5] collected water samples in northern Pakistan to investigate the heavy metal concentrations in groundwater. Phan et al. [6] collected groundwater samples from three provinces in the Mekong River basin of Cambodia to study the potential contamination from heavy metals in shallow Cambodian groundwater. Leung et al. [7] discussed the heavy metal distributions in groundwater samples collected from natural slopes and urbanized spaces in the mid-level area of Hong Kong, China, and investigated the impact of urbanization on the aqueous distributions of these chemicals. Field observation is a useful method for studying heavy metal pollution in groundwater. It can provide basic data and information for understanding the groundwater pollution extent and effectively assess the level of heavy metal pollution. Based on the measured data, the impact factors of groundwater pollution and the dynamic mechanism of heavy metal transport in groundwater could be further analyzed [8] [9] [10] .
Several approaches have been proposed to evaluate groundwater quality after field observation. Devic et al. [11] utilized the cluster analysis method for groundwater quality assessment, which classifies data into several groups according to the features of the data and the natural background values. Masoud [12] applied the factor analysis method to assess groundwater quality in the shallow aquifers in the western Nile Delta. In this method, principal components were computed from a covariance or other cross-product matrix describing the dispersion of the multiple measured interrelated variables. Both the cluster analysis and factor analysis methods need a large amount of data, and the results rely greatly on the optimal selection of variables. The fuzzy membership function was utilized for assessing groundwater quality by Zhang et al. [13] . Although fuzzy sets and fuzzy optimization could provide a useful technique to address the imprecision in the objectives and water quality standards, the subjective factor plays an important role in the choice of classes and fuzzy memberships of the indicators. Several pollution indices have also been developed to evaluate groundwater quality, including the DRASTIC groundwater vulnerability index [14] , the WQI index [15] , the modified DWQI index [16] , the GWQI index [17] , and the limit-risk index [18] . Compared with the above-described methods, the pollution-index method is relatively easy to implement and requires a small amount of data. According to our field observations, the combination of the heavy metal pollutant Index (HPI) [19] -involving Cr, Cu, Zn, Cd, and Pb -and the PoS Index [20] -involving Cr, Ni, Cd, and Pb -were utilized to synthetically assess the groundwater quality caused by heavy metal pollution.
In this study, field observations were carried out to collect hydro-geological and hydro-chemical information in the shallow aquifer underneath and around a landfill site on Chongming Island, China. Water samples were collected from eight groundwater wells and one surface water site in March 2014, which is a typical dry season. The pollution-index methods were proposed to assess groundwater quality. The objectives of this paper are to investigate the distribution of heavy metal pollution in the groundwater around the landfill, understand the potential impacts of coastal hydrodynamics and leachate percolation on groundwater quality, and assess groundwater quality to protect groundwater from further contamination. Results in this paper could be beneficial for the protection and management of water resources and the aquatic environment. The method used in this study could provide some guidance for the management of groundwater resources in similar coastal areas and serve as a good example for groundwater quality assessment.
Materials and Methods

Study Area Description
Chongming Island in Shanghai, China, is located in the lower Yangtze Estuary with an area of about 1,200 km 2 . It is the third largest island in China and the largest alluvial island in the world. In 2005 the "General Plan of Chongming Island" was enacted by the Shanghai Government. This document presented the goal that Chongming Island would be a world-class ecological island along the West Pacific Region by 2020. However, there is a refuse landfill in the northern part of the island to deal with domestic waste. The landfill leachate may leach into the aquifer and affect groundwater quality. Under the combined impacts of groundwater motion and the coastal hydrodynamics of the Yangtze Estuary, the environment of groundwater is extremely complicated on Chongming Island, which significantly increases the difficulties for groundwater quality assessment.
The study region is located in the northern coastal area of Chongming Island (Fig. 1a) . There are seven groundwater observation wells (Stations 1-7) around the landfill, one groundwater observation well (Station 8) that is approximately 500 m away from the landfill, and one surface water observation site (Station R) located at a stream on the southwest side of the landfill. The distribution of observation stations is shown in Fig. 1b . Precise locations of observation sites are listed in Table  1 . The shallow unconfined aquifer in the study area has a thickness of approximately 10-15 m and a hydraulic conductivity of 1.39-3.9 m/d. The climate in this region is mainly affected by the monsoon, with an average annual precipitation of 1,155 mm and annual potential evapotranspiration of 877 mm.
Sampling
In this study, we mainly focused on the potential influences of landfill leachate and estuarine hydrodynamics (tides) on groundwater quality. To reduce the impact of rainfall and surface water of the river around the study area, field observations were carried out in March 2014, which is a typical dry season. 192 samples were collected from nine sampling sites, including eight groundwater sites and one surface water site. Most selected sampling stations for groundwater were situated near the landfill. Groundwater samples were collected from the shallow unconfined aquifer through observation wells. Surface water samples were collected from a sampling depth of less than 0.3 m below the water surface. The groundwater table, temperature, pH, salinity, and dissolved oxygen (DO) were all measured in the field using respective probes of HACH HQ40d dual input multi-parameter digital analyzer. To avoid cross-contamination, clean plastic containers were used to draw the water samples from the wells. The samples were stored in sealed containers and transported to the Key Laboratory of Yangtze River Water Environment, Ministry of Education, Tongji University, China. All the samples were acidified with concentrated nitric acid, digested with digiblock S16, and centrifuged at 3,000 rpm for 5 minutes. Supernate was collected and filtered through 0.22μm membrane filters. Heavy metals (including Cr, Ni, Cu, Zn, Cd, and Pb) were measured using an inductively coupled plasma mass spectrometer (ICP-MS). All the chemicals/reagents were analytical grade. Milli-Q ultra-pure water was used throughout the analysis, and all the glassware was properly washed with liquid detergent and rinsed with distilled water before use. 
Analysis Method
The heavy metal pollutant index (HPI) is based on the work in [19] . It is evaluated by assigning a weight (W) and a sub-index Q for each selected parameter as shown in Eq. (3). The weight is a value between zero and one, reflecting the relative importance of the individual quality considerations. The sub-index is considered according to the ideal value and maximum permitted level of the heavy metal concentrations, which is given in Eq. (4):
…where W i is the weight of the i th heavy metal and Q i is the sub-index of the i th heavy metal, n is the number of parameters considered, M i is the measured concentration of the i th heavy metal, S i is the maximum permitted level, and I i is the ideal value of the i th parameter. Generally, the critical pollution index value is 100. To make a conservative estimate, quality standard for the first-class groundwater of China (Table 2 ) is adopted for I i and the third-class groundwater standard used for S i . The weights Wi are decided as 0.1 for Cr, 0.001 for Cu, 0.00006 for Zn, 0.1 for Cd, and 0.02 for Pb referenced to the previous study [20] . The PoS index proposed by Tziritis et al. [21] can be used for performing a comparative assessment of groundwater quality controlled by the same or different factors, which are subjected to the same or different standards and spread over the same or different periods. It serves as an easy-to-implement and unbiased approach for identifying the controlling factors of water quality. The PoS Index is defined as:
…where M j , W j , and S j are the measured concentrations, (5) and (6) with M j equaling the background concentrations of groundwater in the groundwater quality standard I j . Performing the calculations for the reference index of PoS, threshold values are determined, which are subsequently used for the definition of the PoS classes. To make conservative estimations, the first-class standard from the groundwater quality standard of China is adopted for I j , and the third-class standard used for S j . Table 6   Table 5 . The Pearson correlation coefficients (r) between the heavy metal pollutants and other factors in March 2014. Table  1 .00 presents the detailed calculations of the reference indices. The classes defined for the PoS Index ranking according to the reference indices are shown in Table 7 .
Results and Discussions
Groundwater Table   The groundwater table elevation was measured once a day. The elevations are referenced to the Wusong Datum, which is generally used in the Yangtze River delta area. The results for the groundwater table are shown in Fig.  2 , where we see that the groundwater tables varied from 2.65 m to 3.34 m in the study area. The groundwater table at Station 1 had a similar temporal variation pattern to that at Station 4, but was about 0.14 m higher in all of the times. The groundwater table elevations at Station 2 and Station 3 were similar to each other and are approximately 0.2 m lower on average than that at Station 5. The groundwater table elevations at Station 7 and Station 8 had minor differences. They were approximately 0.6 m higher than that at Station 6, which is located somewhere between Stations 7 and 8, indicating that the groundwater flow converged near Station 6. Generally, the groundwater table elevations were greater on the western and eastern sides of the landfill and lower in the central part of the study area near the landfill. The area near Station 6 had the lowest groundwater level. This can be more clearly seen in Fig. 3 , which delineated the contour of the groundwater table on 25 March 2014. Although the water table was generally lower in the central part of the study area, the locally higher water table at Station 5 may contribute to the leachate dispersion.
The groundwater table in this area was possibly affected by the local topography. As shown in Fig. 4 , the ground elevation in the central area was relatively higher than that in the rest of the area. Ground elevations at Table 6 . Reference PoS index calculations for groundwater based on the National Chinese Guidelines (Quality Standard for Groundwater, 1994; concentrations are in μg/L). 
Physico-Chemical Characteristics
In a groundwater environment, biological and chemical processes are associated with the physical transport and spread of pollutants. As such, physico-chemical characteristics may correlate with pollutant distributions. Therefore, four physico-chemical indices, including temperature, pH, salinity, and DO were measured in field observations. To analyze the temporal variations of these indices, measurements were carried out three times a day at typical moments of the tide in the Yangtze Estuary. The results are shown in Figs. 5-8, in which A, B, C, and D stand for moments of peak flood, slack tide, peak ebb, and slack tide, respectively, at a hydrological station in the Yangtze Estuary.
Measurement results for temperature are displayed in Fig. 5 . The temperatures of the groundwater and surface water had minor differences. The highest temperature of the groundwater was 21.2ºC at Station 3 and the average value was 16.73ºC. For the surface water, the highest temperature in March was 20.5ºC and the average value was 16.87ºC. The highest temperatures for the groundwater and surface water both occurred on March 30. There was a decrease in the surface water temperature at the end of March 30, which was not found in the groundwater. Generally, the temperature differences at these stations were insignificant. Fig. 6 is about the measured pH values at nine stations. The pH value was a good indicator of groundwater quality. At most stations (2-8), the pH values were within the range of 7.5 to 8.5. Station 1 had a noticeably higher pH value, with a maximum pH of 13.39 and an average of 10.83. Station 1 was the closest to the landfill site. The abnormal pH value was very likely caused by the leachate percolation.
The temporal variations in salinity at these stations are shown in Fig. 7 . Due to the saltwater intrusion from the Yangtze Estuary in the dry season, the salinity in this area was generally greater than 4.0 ng/L. The salinity at Station R, which is located in the stream, was relatively low and fell within the range of 0.5 to 2.0 ng/L, with an average value of 1.1 ng/L. The salinity in the groundwater was generally higher than that of the surface water, except at Station 1 where the average salinity was only 0.7 ng/L. The low salinity at this station may be influenced by the freshwater in the nearby pond. The average salinities at Stations 4 and 5 were 4.8 ng/L and 3.9 ng/L, respectively. At Stations 2, 3, 7, and 8, the maximum salinity was approximately Based on the time series of salinity data, we found that there were three peaks in the salinity distributions for both the ground and surface waters. For the surface water, the peak values occurred on March 20, 27, and 31. The peak values in the groundwater appeared to have some time lags, and it is conjectured that these peaks were related to the spring-neap tide cycle in the Yangtze Estuary. Fig. 8 shows the variations of DO concentrations in both the ground and surface waters. The DO concentrations varied within the ranges of 0.5-5 mg/L in the groundwater and 2-12 mg/L in the surface water. The surface water clearly had higher DO concentrations. In the surface water, the DO concentration showed a decrease from March 18 to March 25, and an increase from then on. The significant fluctuations of DO concentrations in surface water may be influenced by atmospheric conditions. In the groundwater, however, the DO concentrations stayed at relatively constant levels, especially after March 25. During this period, the DO concentrations at Stations 1 and 4 were slightly higher than those at the other stations. Before March 25, the DO concentrations were relatively high and showed a decreasing trend similar to that in the surface water. The maximum, minimum, and average values of the measured temperature, pH, salinity, and DO at all of the stations are summarized in Table 2 .
Heavy Metal Concentrations and Potential Sources
To study the distributions of the heavy metal concentrations near the landfill, 192 samples were collected at all nine stations. These samples were analyzed by ICP-MS in the laboratory after proper pre-treatments to obtain the concentrations of Cr, Ni, Cu, Zn, Cd, and Pb. Trends of the measured heavy metal concentrations were analyzed, and the values were compared with background values according to the national Chinese guidelines (Quality Standard for Groundwater GB/T14848-9) [22] . Classification and standard values for groundwater quality according to the guidelines are shown in Table 3 . There are five classes of groundwater quality standards. Concentrations of the first class are adopted here as the natural background value.
The measured concentrations of Cr, Ni, Cu, Zn, Cd, and Pb at different times in series are displayed in Figs. 9a-f. As we can see, the highest concentration of Cr (54.07 μg/L) was found at Station 1, which was much greater than the natural background value (5.0 μg/L) according to the quality standards in Table 2 . The Cr concentration on March 25 at this station had a sudden increase that coincided with the decrease of DO concentration in the surface water. Because Station 1 was the closest to the landfill area, the high concentration of Cr was clearly a consequence of the landfill disposal. Together with Cr, there may be some other pollutants discharged into the surface water that caused the breeding of aerobic bacteria and resulted in oxygen consumption. The concentration of Cr at Station 5 was also greater than the background value with an average of 6.57 μg/L, while it stayed at a relatively constant level. The average Cr concentrations at the other stations, including the surface water, were below the background value and fell within the range of 2.0 to 3.0 μg/L.
The concentrations of Ni ranged from 0.7 to 11.7 μg/L, with 23.5% of the samples exceeding the background value (5.0 μg/L). Consistent with Cr, the high concentrations of Ni were also found at Stations 1 and 5, where the Ni concentrations exceeded the background value time during the entire measurement period. At the other stations, the Ni concentrations were seldom greater than 5.0 μg/L.
The Cu concentrations >10.0 μg/L (the natural background value) appeared only at Station 1. We noticed that the high Cu concentration at Station 1 occurred concurrently with the relatively higher value of pH on March 30. There was also a sudden increase in the Cu concentration on March 25 at this station, consistent with the Cr and Ni concentrations. At the other stations, the Cu concentrations were lower than the natural background values. In the surface water, the Cu concentrations also remained at a low level. There were noticeable fluctuations in the concentrations at Stations 3, 6, and 8, with the concentrations lower than 10.0 μg/L.
The Zn concentrations ranged from 8 μg/L to more than 200 μg/L. The concentrations at several stations (1, 2, 5, and 7) exceeded the natural background value of 50 μg/L during certain periods. Surprisingly, Station 5 had the highest concentration of Zn. The sudden increase in the Zn concentration appeared earlier than those of Cr, and Ni and happened on March 19. This increase can also be found in the surface water at Station R. Zn-compounds are usually used in timber processing, the paint industry, the textile industry, the paper industry, and in chemical pharmaceuticals, etc. The increase in the Zn concentration may be caused by wastes in the landfill from the above source. The high concentrations of Zn may be dispersed to the other stations because of the relatively high groundwater table at Station 5.
The concentrations of Cd and Pb are also shown in Fig. 9 . The average concentrations of Cd and Pb were very low, which were 0.04 μg/L and 2.51 μg/L, respectively. The Cd concentrations of some samples at Stations 1 and 3 exceeded the natural background value of 0.1 μg/L. The Pb concentrations were greater than the natural background value (5.0 μg/L) at Stations 1, 2, 3, and 7. The high Pb concentrations occurred mostly at Station 7, which is the nearest station to the tidal flat in the northern branch of the Yangtze Estuary. We can also find three peaks in the Pb concentrations at Station 7 on March 20, March 27, and March 30, consistent with the distribution of salinity. Hence, it is believed that the Pb concentrations may be affected by the tidal dynamics in the Yangtze Estuary.
From the above analysis, we conclude that both the landfill and estuarine dynamics (tides) play an important role in the distribution of the heavy metal concentrations in the study area. Table 4 shows the maximum, minimum, and average values of the measured heavy metal concentrations in March 2014. The concentrations of Cr, Ni, Cu, and Cd were higher at Station 1, which was possibly affected by the landfill disposal. The concentration of Pb was higher at Station 7 and it may be affected by the estuarine hydrodynamics or the water quality in the Yangtze Estuary.
Correlations between Heavy Metal Concentrations and Physico-Chemical Properties
The Pearson correlation coefficient [23] is widely used to measure the dependence between two quantities. It could be obtained by dividing the covariance of the two variables or two series of data by the product of their standard deviations. The Pearson correlation coefficient is a useful index in aerography, biology, and pollution assessment. It is selected to reveal the relationship between the heavy metal concentrations and physicochemical properties (i.e., temperature, pH, salinity, and DO) of groundwater.
The Pearson correlation coefficients (r) between heavy metal pollutants and physico-chemical properties were calculated as shown in Table 5 . High correlations among Cr, Ni, and Cu were observed with correlation coefficients greater than 0.53, which is consistent with the findings of Abdel-Salam and Abu-Zuid [24] . This means that these three heavy metal pollutants have the same source, i.e., the landfill. High correlations were also found between heavy metal pollutants (Cr, Ni, and Cu) and physicochemical properties (pH and salinity). This confirms that the heavy metal concentrations in the study area were greatly affected by both of the landfill and the tides in the Yangtze Estuary. As mentioned above, the pH value was indicative of leachate percolation. When the pH was accidentally high, high concentrations of heavy metals were also observed [25] .
Salinity is mainly influenced by saltwater intrusion from the Yangtze Estuary, which is usually severe in the dry season, especially in the northern branch of the estuary. This can be confirmed by the high correlation between salinity and the water table. When the water table was low, the saltwater intrusion occurred more easily. After the saltwater intrusion occurs, the water table would be slightly higher with the fluctuations of heavy metal concentrations. There have some time lags between these processes, which could explain the negative correlations between the heavy metal concentrations and salinity, and between salinity and the water table. The correlation between Pb and salinity was extremely low because the concentration of Pb varies significantly over time. However, the coincidence of the peaks of these two variables clearly showed the correlation as discussed before. The heavy metal concentrations had poor correlations with temperature and DO, indicating that these two parameters were not the dominant factors affecting the distribution of the heavy metal concentrations.
Groundwater Quality Assessment Using Pollution Index Methods
The HPIs were calculated using the time series data of heavy metal concentrations (Cr, Cu, Zn, Cd, and Pb) at eight groundwater stations, which are demonstrated in Fig. 10 . The results have shown that the HPIs were below critical value (100) at all stations except No. 1, where the HPIs were 390, 145, 144, and 163 on March 25, 26, 29, and 30, indicating that the area near this station had very poor groundwater quality during these periods. The pattern of the HPI variation at this station was quite similar to that of the Cr concentrations (Fig.  9a) , indicating that the high HPIs were mostly influenced by Cr. The HPI at Station 5 was relatively large. The HPI indices were higher than 50 on most days of the survey period. The HPI at Station 7 was greater than 50 by the end of March. These three stations were the closest to the landfill. The groundwater quality at these three stations was generally worse than those at other stations. To illustrate the spatial distributions of the HPI index, we plotted the HPI contour on March 25, when Station 1 became polluted and had the highest HPI. Fig. 11 has clearly shown that the HPI value was concentrated at Station 1 and decreased along all directions. At Station 8, which was the farthest from Station 1, the HPI was very low, indicating excellent groundwater quality and revealing that contamination was restricted to the landfill area.
The PoS Indices were calculated using the time series data of the heavy metal concentrations (Cr, Ni, Cd, and Pb) at all of the stations, which are demonstrated in Fig. 12 . The results have shown that the PoS Index was always below 70 (groundwater quality worse than class-2) at Stations 2, 3, 4, 6, and 8. The groundwater quality at these five stations was good and sometimes excellent, consistent with the HPI analysis. This was because Stations 6 and 8 were far away from the center of the landfill, and Stations 2, 3 and 4 were close to the stream with relatively clean water. At Station 7, the PoS Index was generally lower than 70, indicating good groundwater quality. However, it fell into Class 3 and Class 4 on March 20 and 27, respectively. Then it reached 123 on March 29 and 142 on March 30, with water qualities falling into Class 4 and Class 5, respectively. The groundwater at this station was severely contaminated during these periods. The results of measurement illustrated that the groundwater quality became worse at the end of March near Station 7. Compared with the measured time series data of the heavy metal concentrations shown in Fig. 9 , only the Pb concentrations at Station 7 increased at the end of March, which demonstrates that the high PoS Index at this station might be mostly attributed to the Pb concentrations. At Station 5, the PoS Index was greater than 70 on March 19, 20, 25 , and 27, with groundwater qualities in Class 3. According to the PoS Index, the most serious pollution occurred at Station 1, where the PoS Index was always higher than 70. Peaks in the PoS Index appeared on March 19, 25, and 30, with groundwater qualities falling into Class 4, Class 6, and Class 4, respectively. The PoS Index analysis was generally consistent with the HPI index analysis.
Figs 13(a-b) have presented the contour plots of the PoS Index on March 25 and 29 (both in slack water moment), respectively. It can be observed that the distributions of the PoS Indices on these two days were quite similar. They were also consistent with the distributions of the HPI indices as shown in Fig. 11 . The high PoS Index values appeared again near Station 1. On March 25 the PoS Index at Station 7 was low. As groundwater quality in this area was mainly controlled by landfill disposal, groundwater at Stations 1 and 5 were the most severely polluted. On March 29, however, the PoS Index at Station 7 was high, which was mainly caused by Pb pollution. Based on the time series and correlation analyses, the Pb pollution was related to saltwater intrusion from the Yangtze Estuary. As the HPI index, the PoS Index also decreased from the west to the east.
Conclusions
In this study, field observations were carried out in March 2014 to assess the groundwater quality and analyze the impact factors of groundwater in a shallow aquifer around a landfill disposal site at a coastal area on Chongming Island, Shanghai, China. Based on time series analysis and correlation analysis, the distributions of the groundwater table, the physico-chemical properties of groundwater, heavy metal concentrations (Cr, Ni, Cu, Zn, Cd, and Pb), and potential sources of heavy metals were all discussed. In addition, the groundwater quality was assessed through a combination of the heavy metal pollution index (HPI) and the PoS Index.
The results have shown that the relatively high water table appeared underneath the landfill site (Stations 1 and 5), where the heavy metal concentrations were also high. In general, Cd and Pb were in very low concentrations in this area, while concentrations of Cr and Zn were slightly higher than the background values. Strong correlations were found between the heavy metal (Cr, Ni, and Cu) concentrations and the physico-chemical properties (salinity and pH), indicating that both the landfill and the tides played an important role in the transportation of the heavy metals. Near the disposal site, both the HPI and PoS Indices were greater than the critical values, indicating that this area had been polluted by heavy metals. Particularly, around Station 1 located close to the landfill site, the groundwater had been severely polluted by heavy metals. Cr and Ni were the major heavy metals causing the groundwater contamination. Occasionally, Pb resulting from the saltwater intrusion from the estuary may pollute some areas near the landfill.
